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Currently, most biological research relies on conventional 
experimental techniques that allow only static analyses at 
certain time points in vitro or ex vivo. However, if one could 
visualize cellular dynamics in living organisms, that would 
provide a unique opportunity to study key biological pheno-
mena in vivo. Intravital microscopy (IVM) encompasses diverse 
optical systems for direct viewing of objects, including bio-
logical structures and individual cells in live animals. With the 
current development of devices and techniques, IVM addresses 
important questions in various fields of biological and bio-
medical sciences. In this mini-review, we provide a general 
introduction to IVM and examples of recent applications in the 
field of immunology, oncology, and vascular biology. We also 
introduce an advanced type of IVM, dubbed real-time IVM, 
equipped with video-rate resonant scanning. Since the real- 
time IVM can render cellular dynamics with high temporal 
resolution in vivo, it allows visualization and analysis of rapid 
biological processes. [BMB Reports 2020; 53(7): 357-366]

INTRODUCTION

Cells are basic structural and functional units of living 
organisms. The functions of cells and their interactions with 
other cells and biological components mediate many crucial 
biological processes in vivo (1-4). Traditionally, in vitro and/or 
ex vivo analyses, such as immunohistochemistry, flow cyto-
metry, and cell-based assays, have been used for evaluating 
location, population, and functions of cells in a given organ of 
animals. However, these in vitro/ex vivo analyses can obtain 
information only in the static/dead state of cells, but cannot 
acquire the data in the moving/live state in a living organism 

(5). To overcome these technical obstacles, many researchers 
have directed efforts toward developing a new device and 
technique to visualize and investigate biological phenomena 
in live animals. 

One of those efforts is the development of whole-body 
imaging, such as magnetic resonance imaging (MRI), single- 
photon emission computed tomography (SPECT), and positron 
emission tomography (PET). These techniques can show the 
whole-body distribution of specific probes, such as fluores-
cence, radioactive tracers, or contrast enhancements in live 
animals (6, 7). Accordingly, whole-body imaging is currently 
being used for the diagnosis of various diseases. However, 
most whole-body imaging has limited resolution (MRI, 10-100 
m; SPECT, 1-2 mm; PET, 1-2 mm, in general) that hinders 
visualizing objects at cellular level (Table 1) (7). 

On the other hand, intravital microscopy (IVM) has been 
developed as an alternative modality that overcomes the 
limitation of whole-body imaging. IVM, as a microscopic 
imaging system, has high spatial (∼1 m) and temporal 
resolution (sub-seconds) (8-11). In this regard, IVM has been 
applied to visualizing and monitoring single-cell biological 
processes, different from other in vivo imaging modalities 
(Table 1) (7, 12-18). In this mini-review, we will summarize the 
history of IVM and its applications in terms of investigating 
cellular behaviors in various fields spanning from vascular 
biology and immunology to oncology. We will also review 
recent studies using real-time IVM, showing how this video- 
rate scanning IVM can contribute to the field of cell biology.

Development of IVM – Basic optics of single- and 
multi-photon microscopy
IVM incorporates all the microscopy techniques, which can 
have various resolutions and frame rates, for visualizing and 
analyzing biological events in living animals. The concept of 
observing living animals with microscopy was first introduced 
by the early pioneers of microscopy in the 17th and 18th 
centuries (19). In the 19th century, Julius Cohnheim used light 
microscopy to observe the migration of leukocytes in blood 
vessels toward injury sites in the transparent tongue of a living 
frog and discovered that their magnetism is a crucial process of 
inflammation (20). Even though this early conventional optical 

BMB Rep. 2020; 53(7): 357-366
www.bmbreports.org

Invited Mini Review



Intravital microscopy for investigating cellular dynamics
Yeon Woong Choo, et al.

358 BMB Reports http://bmbreports.org

Ta
bl

e 
1.

 C
om

pa
ris

on
 o

f I
V

M
 w

ith
 o

th
er

 in
 v

iv
o 

im
ag

in
g 

sy
st

em
s

M
et

ho
ds

Sp
at

ia
l/

te
m

po
ra

l 
(p

re
cl

in
ic

al
)

Sp
at

ia
l/

te
m

po
ra

l 
(c

lin
ic

al
)

Pe
ne

tra
tio

n 
de

pt
h

Ph
ys

ic
al

 
pr

in
ci

pl
e

Im
ag

in
g 

ag
en

t

M
ul

ti-
ch

an
ne

l 
im

ag
in

g

Pr
im

ar
y 

us
e

A
dv

an
ta

ge
s

D
is

ad
va

nt
ag

es

IV
M

10
0 

nm
-1

 
m

/
Su

b-
se

co
nd

s-
Se

co
nd

s

1 
m

/
Su

b-
se

co
nd

s-
Se

co
nd

s

[C
on

fo
ca

l]
＜

10
0 
m

[T
w

o-
ph

ot
on

]
＜

30
0 
m

V
is

ib
le

 a
nd

 
ne

ar
-

in
fra

re
d 

lig
ht

Ph
ot

op
ro

te
in

s,
 

Fl
uo

ro
ch

ro
m

es
M

ul
tip

le
A

ll 
be

lo
w

- M
ic

ro
sc

op
ic

 re
so

lu
tio

n
- L

iv
e 

ce
ll/

m
ol

ec
ul

e 
tra

ck
in

g
- R

ea
l-t

im
e 

m
on

ito
rin

g

- S
m

al
l f

ie
ld

 o
f v

ie
w

- L
im

ite
d 

pe
ne

tra
tio

n 
de

pt
h

C
T

40
0 

nm
 

(n
an

o 
C

T)
, 

50
-2

00
 

m
/

M
in

ut
es

50
0 
m

/
Se

co
nd

s
N

o 
lim

it
X-

ra
ys

 
Io

di
na

te
d 

m
ol

ec
ul

es
N

o
Pr

im
ar

ily
 fo

r 
va

sc
ul

ar
, 

lu
ng

, a
nd

 
bo

ne
 

im
ag

in
g

- H
ig

h 
sp

at
ia

l r
es

ol
ut

io
n 

- H
ig

h 
pe

ne
tra

tio
n 

de
pt

h
- F

as
t a

nd
 c

ro
ss

-s
ec

tio
na

l 
im

ag
es

- L
im

ite
d 

se
ns

iti
vi

ty
- R

ad
ia

tio
n

- R
el

at
iv

el
y 

po
or

 s
of

t 
tis

su
e 

co
nt

ra
st

M
RI

10
-1

00
 

m
/

M
in

ut
es

-
H

ou
rs

1 
m

m
/

Se
co

nd
s-

 
M

in
ut

es

N
o 

lim
it

Ra
di

o 
w

av
es

 
Pa

ra
m

ag
ne

tic
 

ch
el

at
es

, 
M

ag
ne

tic
 

pa
rti

cl
es

N
o

V
er

sa
til

e 
im

ag
in

g 
w

ith
 

hi
gh

 s
of

t 
tis

su
e 

co
nt

ra
st

- H
ig

h 
sp

at
ia

l r
es

ol
ut

io
n

- A
na

to
m

ic
al

 d
et

ai
l

- F
un

ct
io

na
l i

nf
or

m
at

io
n

- L
ow

 s
en

si
tiv

ity
- L

on
g 

ac
qu

is
iti

on
 a

nd
 

Im
ag

e 
pr

oc
es

s 
tim

es
- L

ow
 th

ro
ug

hp
ut

PE
T

1-
2 

m
m

/
Se

co
nd

s-
 

M
in

ut
es

4 
m

m
/

Se
co

nd
s

N
o 

lim
it

H
ig

h-
en

er
gy

 
-

ra
ys

 
F-

18
, C

u-
64

, C
-1

1,
 

G
a-

68
 la

be
le

d 
co

m
po

un
ds

N
o

V
er

sa
til

e 
im

ag
in

g 
w

ith
 

m
an

y 
di

ffe
re

nt
 

tra
ce

rs

- H
ig

h 
se

ns
iti

vi
ty

- H
ig

h 
pe

ne
tra

tio
n 

de
pt

h
- H

ig
h 

co
st

 o
f c

yc
lo

tro
n

- R
ad

ia
tio

n
- L

im
ite

d 
sp

at
ia

l r
es

ol
ut

io
n

SP
EC

T
0.

25
 m

m
 

(U
SP

EC
T)

, 1
-2

 
m

m
/

M
in

ut
es

6-
8 

m
m

/
Se

co
nd

s
N

o 
lim

it
Lo

w
-

en
er

gy
 

g-
ra

ys

Tc
-9

9m
, I

n-
11

1,
 

I-1
31

-la
be

le
d 

co
m

po
un

ds
, 

G
a-

67
, T

l-2
01

Tw
o

Im
ag

in
g 

la
be

lle
d 

an
tib

od
ie

s,
 

pr
ot

ei
ns

, a
nd

 
pe

pt
id

es

- H
ig

h 
se

ns
iti

vi
ty

 
(b

ut
 lo

w
er

 th
an

 P
ET

)
- H

ig
h 

pe
ne

tra
tio

n 
de

pt
h

- N
o 

ne
ed

 fo
r c

yc
lo

tro
n

- L
im

ite
d 

sp
at

ia
l r

es
ol

ut
io

n
- R

ad
ia

tio
n

- H
ar

d 
to

 q
ua

nt
ify

U
ltr

as
ou

nd
50

-5
00

 m
m

/
Se

co
nd

s-
 

M
in

ut
es

30
0-

50
0 

m
m

/
Se

co
nd

s
＜
 1

5 
cm

H
ig

h-
fre

qu
en

cy
 

so
un

d 
w

av
e

M
ic

ro
bu

bb
le

s 
(fo

r c
on

tra
st

 
en

ha
nc

em
en

t)

N
o

V
as

cu
la

r a
nd

 
in

te
rv

en
tio

na
l 

im
ag

in
g

- E
xc

el
le

nt
 s

en
si

tiv
ity

 w
ith

 
m

ic
ro

bu
bb

le
s 

- H
ig

h 
te

m
po

ra
l r

es
ol

ut
io

n
- I

ne
xp

en
si

ve

- P
oo

r p
en

et
ra

tio
n 

de
pt

h
- L

ow
 s

pa
tia

l r
es

ol
ut

io
n

- L
ow

 c
on

tra
st

 a
nd

 s
tro

ng
 

bo
un

da
ry

 e
ffe

ct

Th
e 

ch
ar

ac
te

ris
tic

s 
of

 IV
M

 a
re

 c
om

pa
re

d 
to

 th
os

e 
of

 o
th

er
 im

ag
in

g 
sy

st
em

s.
 O

th
er

 in
 v

iv
o 

im
ag

in
g 

sy
st

em
s 

ha
ve

 n
o 

lim
ita

tio
ns

 in
 p

en
et

ra
tio

n 
de

pt
h 

an
d 

a 
la

rg
er

 fi
el

d 
of

 v
ie

w
. O

n 
th

e 
ot

he
r 

ha
nd

, I
V

M
 h

as
 h

ig
he

r s
pa

tia
l a

nd
 te

m
po

ra
l r

es
ol

ut
io

n 
an

d 
ca

n 
be

 u
se

d 
fo

r m
ul

tip
le

-c
ha

nn
el

 im
ag

in
g.

 A
ls

o,
 th

e 
cl

in
ic

al
 a

da
pt

io
n 

of
 IV

M
 is

 s
til

l i
n 

de
ve

lo
pm

en
t c

om
pa

re
d 

to
 o

th
er

 
in

 v
iv

o 
im

ag
in

g 
sy

st
em

s.
 C

T,
 C

om
pu

te
d 

To
m

og
ra

ph
y;

 M
RI

, 
M

ag
ne

tic
 R

es
on

an
ce

 I
m

ag
in

g;
 P

ET
, 

Po
si

tro
n 

Em
is

si
on

 T
om

og
ra

ph
y;

 S
PE

C
T,

 S
in

gl
e-

Ph
ot

on
 E

m
is

si
on

 C
om

pu
te

d 
To

m
og

ra
ph

y;
 IV

M
, I

nt
ra

vi
ta

l M
ic

ro
sc

op
y.

 



 Intravital microscopy for investigating cellular dynamics
Yeon Woong Choo, et al.

359http://bmbreports.org BMB Reports

Fig. 1. Schematic of IVM and basic optics of confocal/two-photon 
microscopy. (A) Comparison of conventional confocal microscopy 
and confocal IVM. The optics of the two imaging systems are not 
significantly different. However, whereas a conventional confocal 
microscope can visualize fixed tissue sections or organs extracted 
from an animal, confocal IVM allows the obtaining of images from 
the tissue of a live animal. Therefore, IVM can be equipped with 
additional devices, such as a heating pad or anaesthetic system, in 
order to make sure that living objects can breathe comfortably for 
undisrupted imaging. Schematics of the optics of confocal (B) and 
two-photon microscopy (C). (B) In confocal microscopy, a single pho-
ton has enough energy to excite the sample. The emitted photon 
has slightly lower energy and frequency () than the original photon 
(frequency 1). In two-photon microscopy, the summed energy of 
the two photons (frequency 2) is enough to excite the sample to 
emit fluorescence. The emitted photon has slightly lower energy 
and frequency () than the sum of the two photons (frequency 
22). Also, with two-photon microscopy, second-harmonic genera-
tion (SHG) can be observed when two photons with the same 
wavelength interact with a non-linear material and then generate 
a new photon with twice as much energy as the initial photons. 
The virtual state is not the energy level of the atom, but rather 
represents the combined energy of photons. Meanwhile, unlike a 
single photon, a two-photon microscope does not require a pinhole 
to exclude out-of-focus background signals. Since two-photon exci-
tation generates fluorescence only at the focal plane, there is no 
background signal. 2PF, two-photon fluorescence; SHG, second-har-
monic generation.

IVM contributed to discovering new aspects of biology, it had 
many limitations: the difficult reduction of background signals, 
dependence in the eyesight of the observer, and no controlling 
depth of field. 

After significant development of microscopy and image 
processing, microscopic imaging techniques, originally built 
for in vitro imaging, have been adapted to in vivo applications. 
One of the adapted approaches is confocal microscopy (Fig. 
1A). As shown in Fig. 1A, the basic structures of the optics in 
conventional confocal microscopy and in confocal IVM are 
similar. In confocal IVM, however, there are additional com-
ponents required for maintaining steady-state breathing of the 
animal, which also allows stable imaging. Confocal micro-
scopy uses a point illumination to activate the fluorescence 
and collects photons emanating from the sample to the detec-
tor through the pinhole. The pinhole of confocal microscopy 
blocks out-of-focus signals, which allows optical sectioning in 
thick samples. With the development of fluorescent cells and 
reporter mice, confocal microscopy setups have become 
widespread for intravital imaging (19, 20). However, because 
of the intrinsic optical properties, the penetration depth of 
confocal microscopy is only up to ∼100 m, which limits 
deep-tissue imaging in living animals. Also, the generally short 
wavelengths for fluorescence excitation are subject to strong 
scattering in biological tissues, which can increase phototoxi-
city in the sample as well (8). 

Another adopted approach is multi-photon microscopy (8- 
10). The essential mechanism of multi-photon (e.g., two-photon) 
microscopy is to induce fluorescence in the laser-focused site 
with the summed energy of the photons in the laser. The basic 
structures of confocal and two-photon microscopy -- most 
conventional multi-photon microscopy -- are compared in Fig. 
1B and 1C. In confocal (single-photon) microscopy, the ex-
citing laser shoots a photon that has enough energy to induce 
the emission of fluorescence, which occurs in all the areas that 
the laser hits, thus creating the necessity for the pinhole that 
rejects the signals from out-of-focus areas. In contrast, in two- 
photon microscopy, the fluorescence is generated in a small 
region where the laser is tightly focused, since only the sites 
which two photons excite receive enough energy to emit the 
fluorescence. As a result, the out-of-focus signal can be 
rejected in multi-photon microscopy without needing another 
element like a pinhole. Also, the use of long-wavelength 
excitation has the advantage in imaging deep tissues because it 
can minimize scattering and absorption by certain proteins in 
tissues (11). Thus, the two-photon laser allows a deep tissue 
penetration of 300 m, which is superior to that of confocal 
imaging (18), and causes negligible photodamage or photo-
bleaching (7). Furthermore, the second-harmonic generation 
(SHG) can be observed in two-photon microscopy. SHG is a 
second-order non-linear optical process in which two photons 
interacting with non-linear optical material (e.g., collagen) 
combine to form a new photon with twice the frequency and 
half the wavelength of the initial photons (21). With these 

properties, multi-photon microscopy is adapted to intravital 
imaging and used for discovering novel aspects of biology. 
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Applications of IVM in various fields of biological and 
biomedical sciences
IVM has enabled researchers to observe a variety of biological 
constructs in live animals and to follow the dynamic behavior 
of single cells over a long period of time. With these pro-
perties, researchers have used IVM for visualizing and analyzing 
biological processes in various research fields, such as vascular 
biology, immunology, stem cell biology, and oncology. 

In the field of cancer immunology, for instance, Jung et al. 
used video-rate scanning IVM to discover dynamic tumor 
infiltration of Ly6Clo non-classical monocytes in the setting of 
resistance to anti-angiogenic therapy in colorectal cancer (1). 
In this study, Cx3cr1gfp/+ knock-in mice were used to track 
motility of the monocytes, and TRITC-dextran was intravenou-
sly injected to make the tumor vasculatures visible. Also, a 
newly developed abdominal imaging window was implanted 
for longitudinal monitoring of tumors and immune microen-
vironments (1). The type of motility was defined by the speed 
of a cell in the study, and the number of flowing (at a speed of 
＞ 0.2 mm/s), rolling (15-50 m/s), and crawling (＜ 15 m/s) 
cells in the blood vessels were measured with this highly 
advanced in vivo imaging system (1). This study used IVM to 
see the active tissue infiltration of Ly6Clo non-classical mono-
cytes, which had not been observed or reported in any context 
using conventional experimental methods. This was the very 
first direct view of Ly6Clo non-classical monocytes infiltrating 
into tissues, especially in the context of anti-angiogenic therapy 
in tumors (1, 4). 

IVM has been also used for quantitative evaluation of the 
organization, structure, and function of blood vasculature. 
Especially, IVM was used to view irregular hyperpermeability 
and heterogeneous blood flow in tumor microvessels, resulting 
from an imbalance of pro- and anti-angiogenic factors. These 
abnormalities of tumor blood vessels hinder the efficacy of 
radio-/chemotherapy and promote the growth of more aggres-
sive and metastatic cancer cells (22). Early examination of 
tumor vessels with fluorescent agents and IVM revealed the 
difference in static values, such as vessel diameter, length, 
surface area volume, and branching patterns, between the 
normal and tumor vessels (23, 24). With the development of 
IVM, dynamic parameters, such as blood flow velocity, chan-
ging vessel diameter, and vascular permeability, are quantified 
and analyzed for a better understanding and classification of 
blood vessels (25-27). Microscopic observation of these cha-
racteristics of vessels in a living animal with IVM can be used 
to analyze the restoration of vessel functionality and structure 
after vessel normalization (28). Also, the development of va-
rious types of imaging windows permits the longitudinal mon-
itoring of vasculature development over a long period of time 
(29-34). 

Cell trafficking with IVM reveals novel aspects of cellular 
immunity by its ability to follow and observe the dynamic 
behavior of immune cells. The high spatial and temporal 
resolution of IVM enables researchers to track the movement 

and behavior of immune cells in desired sites (35). Cell-traf-
ficking parameters, such as the population, migration, clustering, 
2D/3D movement pattern, velocity, and morphology of im-
mune cells, can be used to understand the states and functions 
of leukocytes (36). For example, immature T and B lympho-
cytes migrate to the secondary lymphoid organs and become 
immunocompetent cells in these sites (37). For detailed com-
prehension of mechanisms in those processes, early pioneer 
researchers produced fluorescence-labeled T and B lymphocytes 
and transferred them to recipient animals to observe their 
dynamic behavior, such as velocity, moving pattern, T cell 
interaction with dendritic cells, morphology changes, and 
activation in the lymph node (38-40). These studies visualized 
the dynamic behavior of immune cells and deepened the 
understanding of adaptive and innate immunity (41). Also, 
researchers analyzed and quantitatively evaluated the motility 
of immune cells in the specific condition with IVM. Some 
studies showed the change in the motility of immune cells by 
specific molecules. For example, researchers used IVM to 
reveal how integrins LFA-1 and MAC-1 regulate neutrophil 
extravasation in the endothelial basement membrane and 
pericyte sheath (42), and how reactive oxygen species recruit 
neutrophils to muscle tissue after exercise (43). In addition, 
IVM was used to show that chemokine CCL22 expression of 
dendritic cells affects the contact and interaction of dendritic 
cells with Tregs in the lymph nodes (44). Other studies showed 
that specific states affect the dynamic patterns and velocity of 
immune cells. For example, the population and velocity of 
eosinophils in different organs and their changes in the normal 
and ovalbumin sensitization state can be seen with IVM (45). 
Also, IVM was applied to images to analyze how HIV infection 
changes T-cell motility and migration patterns by disrupting 
host-cell cytoskeletons (46) and how pathogen-specific T cells 
interact with intracellular parasite-infected cells (47). In 
addition, in vivo imaging of tissues with IVM discovered the 
novel tissue-specific immune responses, including the studies 
that viewed glycoengineered antibodies potentiate the B-cell 
depletion by macrophages in the liver (48) and supported 
other discoveries on liver immunology in various diseases 
states with IVM (49). 

IVM has been also used for viewing the movement and 
location of stem cells to understand their functions. Some 
studies used IVM to view hematopoietic stem cells in the bone 
marrow niche and analyzed their interaction, which is crucial 
for proper stem-cell functions. For example, some researchers 
developed IVM-guided transplantation of a hematopoietic 
stem cell in the bone marrow of mice to study the functional 
characteristics of a single stem cell (50). Other researchers 
used IVM to examine the relationship of hematopoietic stem 
cells and progenitor cells to blood vessels, osteoblasts, and the 
endosteal surface in the niche (51, 52), and others used IVM to 
view the dynamic responses of the hematopoietic stem cells in 
the niche upon diverse stresses (53). Also, researchers used 
IVM to discover novel facts of stem cell function. For example, 
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Fig. 2. Comparison of conventional and real-time IVM. (A) Comparison of the frame rates of conventional IVM (non-video-rate, 1-2 fps) 
and real-time IVM (video-rate, 30 fps). Ear vessel of CX3CR1-GFP mice is shown. The white dotted ring indicates a flowing cell. Yellow 
camera icons indicate the timepoints for taking images. The flowing cell (B) and rolling cell (C) are tracked by real-time IVM. Ear vessel of 
CX3CR1-GFP mice is shown. The white dotted ring indicates the moving cells. Scale bar: 100 m. RED, RITC-dextran 70.

IVM was used to view the interaction of the hematopoietic 
stem cells with Tregs, which results in Treg accumulation in 
the niche that prevents immune attacks (54). In another study, 
IVM was used to analyze the function of mammary stem cells, 
which regulates the duct-branching morphogenesis (55).

In the field of oncology, IVM is applied to view the single- 
cell behavior of cancer and immune cells during the progres-
sion and metastasis of the tumor, which can reveal new 
findings in the tumor microenvironment. Imaging the single- 
cell behavior enables researchers to understand the relation-
ships between the dynamic behavior of cancer cells and the 
features of the tumor (56). Also, cancer-cell invasion and 
metastasis, which are the primary reason for the death of cancer 
patients (57), are made visible and explored by IVM. For 
instance, IVM was used to view circulating tumor cells, which 
are known to be highly associated with metastasis and defined 
their higher metastatic subsets (58). Also, some studies observe 
the pre-metastasis stage in a liver metastasis model with an 
abdominal imaging window (59). Another study developed an 
intravital imaging model of cancer cells in bone marrow to 
study systemic metastasis (60). In addition, some researchers 
have used IVM to view and analyze the interaction of cancer 

cells with immune cells. IVM is used in studies that imaged 
and analyzed the interaction between tumor-infiltrating T 
lymphocytes with cancer cells (61) and how adopted cytotoxic 
CD8+ T lymphocytes induce tumor-cell death (62). Also, other 
researchers used IVM to reveal the mechanism of how tumor- 
associated macrophages are related to poor prognosis by 
viewing macrophage-assisted cancer-cell intravasation (63) and 
tumor-associated macrophage-mediated drug resistance (64). 
The increasing number of cancer studies now use IVM to 
discover and render unexpected findings in the tumor micro-
environment.

As mentioned above, IVM has a limited penetration depth, 
which is an obstacle in imaging deep tissues, such as the 
brain, colon, and heart (65). Endomicroscopy based on the 
optical probe is a method that overcomes this obstacle and 
can observe the deep organs. Micro-diameter probes using 
graded refractive index (GRIN) lenses enable conventional 
intravital microscopes to view the internal deep organs of 
animals with minimal invasion. Some organs can even be 
viewed without incision or additional components. For 
example, colon vessels and tumorigenesis are observed by 
endomicroscopy that enters through the rectum without 
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Fig. 3. The schematic of real-time confocal and two-photon switch-
able intravital microscopy. (Upper panel) A schematic of the real-time 
confocal and two-photon intravital microscopy. In confocal mode, 
the continuous lasers excite the sample, and the emitted light is 
detected by confocal PMT. In two-photon mode, a Ti:Sapphire 
(femtosecond) laser shots red and near-infrared light, and the laser 
goes through a chirped-pulse amplifier, a special component that 
is necessary to prevent the pulse from damaging the parts in the 
laser. Then light excites the focal region of the sample. The two- 
photon PMT, which is closer to the objective lens, detects the 
two-photon fluorescence and second-harmonic generation signal. 
(Lower panel) The beam scanner can be operated via two different 
systems. Option 1 is a beam scanner consisting of a polygonal 
scanner (for the fast axis) and a galvanometer (for the slow axis). 
Option 2 is a beam laser consisting of two galvanometers (one for 
the fast axis, the other for the slow axis). Two different combina-
tions can be used in real-time IVM for higher frame rates. The light 
path moves from (i) through (ii) to (iii), guided by the fast axis. 
The guided light then scans an x-axis line on the scan field. The 
light path then moves to (iv) along the y-axis, directed by the 
slow axis. Next, the light scans a next x-axis line on the scan 
field. Galvo, galvanometer; PMT, photomultiplier tube.

invasion (35, 66, 67). Also, mesenchymal stem-cell therapy in 
the bladder-pain syndrome model can be analyzed by 
endomicroscopy that enters the bladder without an incision 
(68). On the other hand, viewing the brain with endomicro-
scopy needs a small incision to implant the probe. To mini-
mize the damage and inflammation, some researchers fabri-
cated a side-view probe with the small GRIN rod lenses with a 
micro-diameter and viewed the murine brain from the cortex 
to the hypothalamus (69) and the hippocampus (70). With 
similar methods, intravital endomicroscopy can make the glioma 
progression in the brain visible (71). In addition, viewing the 
heart or airway needs additional caution, because of the vigo-
rous movement of the heartbeat and breathing. To view the 
heart, researchers used a suction tube to locally stabilize the 
movement of the heart and examined the flowing and rolling 
monocytes in the beating heart (2). In airway imaging, the 
challenge by breathing was overcome by the side-view design, 
which results in proximity between the epithelium of the 
airway and the imaging window of the probe (72).

With the development of IVM and endomicroscopy, the 
clinical adaptation of IVM starts in various studies (16). Fluo-
rescein is the most widely used in the clinical adaptation of 
IVM, because fluorescein is FDA-approved for angiography of 
the retina (73). Diagnostic criteria for benign and neoplastic or 
tumor conditions has been developed by probe-based IVM 
and fluorescein in the colon (74), esophagus (75), and urinary 
tract (76). Also, one study emphasizes another important 
aspect of intravital imaging, as IVM-imaged human tumor 
vessel diameters in melanoma patients are larger than predicted 
from immunohistochemistry. Thus, the measurement of vessel 
diameters with IVM enables to establish more precise strategies 
for drug delivery and immunotherapies (77). 

Challenge in conventional IVM: The importance of real-time 
IVM
Although conventional IVM has proved to be an excellent tool 
for in vivo imaging, the limited frame rate (1-2 frames/sec, in 
general) of most of the early IVM was an obstacle for 
observing the rapid dynamic behavior of cells (78). To over-
come this obstacle, real-time IVM that is capable of video-rate 
image scanning (higher than 30 frames per second) was 
invented to visualize and analyze those faster movements of 
cells and to discover new aspects of the function and inter-
action of cells (78). 

Fig. 2 compares conventional (non-video-rate scanning) and 
real-time (video-rate scanning) IVM. The limited frame rate of 
conventional IVM cannot track the movement of flowing cells. 
On the other hand, the rapid movement of the flowing cell can 
be tracked with real-time IVM (Fig. 2A). Also, the different 
movements of cells such as flowing (Fig. 2B) and rolling (Fig. 
2C), can be analyzed by real-time IVM, which is related to 
their function and population at the site of imaging. This 
high-temporal resolution of real-time IVM expands the visual 
perception of researchers for understanding the dynamic cel-

lular behavior, which leads to novel discovery. 
Fig. 3 is a schematic of real-time confocal and two-photon 

switchable IVM with two different options for beam scanner 
systems. In the upper panel, a schematic shows an example of 
real-time IVM that has two different modes of intravital 
imaging. The backscattered light or fluorescent light from the 
tissue of a living animal was collected by the objective lens 
and delivered to either one of the two independent PMTs, 
depending on the mode of imaging (79). A photomultiplier 
tube with a confocal pinhole is built to detect confocal fluo-
rescence and reflectance imaging. Another one (two-photon 
PMT) is built to detect two-photon fluorescence and second- 
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Fig. 4. Complementary relationship between whole-body imaging and IVM. Complementary relationship between MRI (whole-body imaging) 
and IVM. Tumor vessel leakage in the colon-cancer origin liver-metastasis model is evaluated by MRI and IVM. The combined use of 
whole-body imaging and IVM can complement the weakness of each imaging system and can generate synergistic effects. The white 
dotted rings and yellow triangles indicate increasing vessel leakage over time. Scale bar in MRI, 5 mm. Scale bar in IVM, 100 m. RED 
in IVM data, RITC-dextran. Ktrans, transfer constant from the blood plasma into the extracellular extravascular space; Vp, fractional blood 
plasma volume; Ve, extracellular extravascular volume fraction.

harmonic generation imaging. In confocal microscopy mode, 
the emitted light from the tissue of the animal returns along the 
same path as the excitation laser until it is reflected at the 
dichroic beamsplitter, then the confocal pinhole selectively 
transmits only fluorescence generated at the focal region. In 
contrast, because the fluorescence originates only at a point on 
the focal region in two-photon microscopy mode, it does not 
require pinhole for blocking background signal. Thus, the 
emitted fluorescence or SHG signals can be sent directly to an 
optical dector, which can be placed as close to the tissue of 
the animal as possible to minimize the loss of the emitted light 
(80). In the lower panel, the scanning by two different scan-
ners is described. The frame rate of IVM is determined by the 
speed of vertical and horizontal scan mirrors that move the 
laser across the –  plane of the scan field. To achieve a higher 
frame rate, researchers used a galvanometer and high-speed 
rotating polygonal scanner as “Option 1” (78, 79, 81), or hori-
zontal linear scanning mirror with an oscillating resonant 
scanning mirror as “Option 2” (82). When the fast axis rotates 
(polygonal scanner) or oscillates (galvanometer mirror), the 
light path moves from (i) through (ii) to (iii) in x-axis line and 
line scanning occurs along the  -axis of a scan field. Then, the 
slow axis tilts the light path to move along the  -axis (iv), and 
the fast axis moves again, and scanning goes on. 

The researchers used real-time IVM to view swift biological 
processes, such as the significant motion of tracheal epithelial 
cells caused by breathing and heartbeat (72), tumor development 
in gastrointestinal tracts (83), and the rapid movements of 
immune cells in cancers (1) and cardiovascular system (2). In 
addition, this real-time IVM can analyze and evaluate the 
delivery and effects of nanotherapeutics in living animals (84, 

85). In short, real-time IVM will serve as a sophisticated tool 
for visualizing rapid biological events, which cannot be 
achieved by non-video-rate scanning IVM. 

CONCLUSION

IVM incorporates diverse optical systems for direct viewing 
and analyzing the biological structure and dynamic behavior 
of cells in living animals. Unlike ex vivo analyses or whole- 
body imaging, IVM can show the biological process in a living 
organism in higher spatial and temporal resolution. Therefore, 
IVM has positively influenced the breakthrough of novel findings 
in various fields of vascular biology, immunology, stem cell 
biology, oncology, and so on. Furthermore, real-time IVM will 
enable us to observe and analyze cellular dynamics for a 
better understanding of the complexity of biological system (1, 
2, 4, 41, 86). 

Nontheless, compared to other in vivo imaging modalities, 
IVM has relatively small field of view and limited penetration 
depth, which can be a hindrance to diverse IVM applications. 
Also, the necessity of fluorescence would be an obstacle to 
clinical applications. 

On the other hand, whole-body imaging systems, which has 
been widely used in the clinic, are suitable for viewing large 
parts of tissues and analyzing the function of whole tissues, 
although these methods in general have low spatial resolution, 
unlike IVM. Thus, the use of IVM and whole-body imaging 
systems can be well combined to obtain more comprehensive 
biological information that cannot be obtained by a single 
method (Fig. 4). IVM and whole-body imaging modalities 
compensate for the weakness of each other’s imaging system. 
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Also, the constant development of IVM will surely broaden 
our knowledges on the field of biological and biomedical 
sciences by providing novel insights, which cannot be achie-
ved by conventional experimental techniques.
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